Introduction
Scanning microwave microscopy (SMM) is an electrical characterisation technique used to extract material properties at high frequencies with nanometre accuracy [1] [2] [3] [4] [5] . SMM interfaces two well-known measurement tools, the atomic force microscope (AFM) for materials characterisation and the vector network analyser (VNA) for high-frequency signal measurements. The AFM allows for nanometre lateral resolution imaging, and the VNA provides high precision impedance and admittance measurements at broadband frequencies from MHz to GHz. In reflection mode SMM, the VNA detects the properties of the sample under test (SUT) by probing the scattering reflection parameter, which represents the ratio of the reflected and incident microwave signals, at the tip/sample contact point. The conductive tip, attached to a solid metal cantilever, acts both as a nanometre-scale AFM probe and as a GHz emitter-receiver antenna. Depending on the sample impedance, part of the microwave signal is reflected and measured by the VNA.
The complex scattering parameter measured by the VNA includes, along the SUT impedance information, effects from the microwave cables and connectors. The raw SMM signal is therefore de-embedded and converted to meaningful physical quantities, such as complex impedance, capacitance, and conductance, by means of a calibration procedure. Different approaches have been proposed as workflows for providing a reliable calibration of the system [6, 7] . For the samples studied in this paper [7] , is the most practical calibration method, as it allows performing an immediate in situ calibration of the measurement, without the use of a calibration sample. The calibration is thereby performed by interfacing SMM and electrostatic force microscopy (EFM), based on the electrostatic force-capacitance relation presented in [8] .
Significant advances in SMM measurement and calibration workflows were achieved studying well-defined semiconductor devices. Originating from the requirement of the semiconductor industry to identify failures and leakages in electronic devices with nanometre precision and low impedance values [9] , the SMM has since proved to be a powerful tool also for materials science applications [10] . Moreover, the capability of sub-surface imaging of buried nanoscale structures has been demonstrated [11, 12] . Recently, the high frequency characterisation of biological materials has attracted considerable interests [13] [14] [15] [16] [17] [18] , as SMM represents a convenient non-invasive evanescent imaging technique that complements AFM. In the following, we present calibrated capacitance and conductance images of individual chinese hamster ovary (CHO) cells and E. coli bacteria measured in air at around 20 GHz using the SMM.
Materials and methods

SMM setup
The SMM is composed of the 5600LS AFM connected to an E8362B (10 MHz-20 GHz) VNA (both from Keysight Technologies, Santa Rosa, CA, USA). The conductive solid Pt AFM probes are from Rocky Mountain Nanotechnology (Salt Lake City, UT, USA) with a nominal tip radius of 80 nm and spring constant of 18 N m −1 . SMM enables different measurement modes, allowing the user to customise the level of interaction between the probe and the sample, varying from non-contact, to intermittent contact or tapping mode, and contact mode. In this work, we employed contact mode (cell images in figures 5 and 6) and tapping mode (bacteria images in figure 4) at the tips' nominal tapping resonance frequency, 20 kHz. Occasionally, due to mechanical imaging forces, single bacteria were moved to different positions in subsequent AFM scans.
In SMM, the tip scans the sample surface and in every measurement point of the scan, the S 11 scattering parameter is acquired by the VNA (see figure 1) . The high-frequency signal travels from the VNA to the conductive probe, which is in contact to the sample or tapping the sample. Depending on its electrical properties (i.e. the impedance of the sample relative to the probe impedance), the sample partly absorbs or reflects the high-frequency wave. The reflected wave travels through the transmission line back to the VNA, where it is compared with a copy of the incident wave. The numerical value of S 11 scattering parameter measured in dB is obtained as 20 log
where V ref is the reflected wave voltage, V inc is the incident wave voltage, and P ref and P inc are the respective power values. The maximum possible value of S 11 is 0 dB, if 100% of the wave is reflected from the sample, and the minimum S 11 is achieved when the full wave is absorbed by the load, i.e. an impedance matching condition is obtained. The characteristic impedance of the VNA is 50 Ω. The impedance of the nanometre scale tip at GHz frequencies is in the range of several kΩ [19] . An impedance matching network is inserted along the transmission line in order to adapt the system impedance to that of the probe, hence allowing the probe to be sensitive to minute changes in the sample impedance. It consists of a 50 Ω shunt resistor and a half-wavelength resonator with an effective length of 9 cm, and an inner dielectric relative permittivity of 3.72 ( figure 2(a) ). The resonator acts as a pass band filter for the harmonics of 1 GHz, with a 3 dB bandwidth of ∼50 MHz, hence creating a pattern in the S 11 frequency response, as seen in figure 2(b) . The SMM measurements are performed in the proximity of the minima, where the resonator creates an evanescent wave. A 30 dB amplification of the reflected signal, along with an improvement of the system's noise response has been provided by the dopant profiling measurement module (DPMM; Keysight Technologies, Santa Rosa, CA, USA), which was employed for all the measurements presented. The incident microwave power was set to −9 dBm.
ADS and EMPro modelling
The frequency behaviour of the SMM has been investigated using advanced design system (ADS; Keysight Technologies) Figure 1 . SMM sketch (upper panel) and equivalent electric circuit at tip/sample interaction (lower panel). SMM impedance matching network consists of half-wavelength resonator, 50 Ω shunt resistor, and coaxial cable. The lower panel presents a 3D geometrical model of a cell in contact with the fully metallic AFM probe. Equivalent electric circuit is composed of cantilever stray capacitance (C stray ), tip/cone capacitance (C cone ), and tip/sample capacitance (C par ) in parallel with cell conductance (loss, 1/G par ). A thin layer of native SiO 2 on top of Si ++ bulk layer forms the substrate.
( figure 2(a) ). Firstly, the standard components have been modelled, i.e. the 50 Ω power source as the VNA, the coaxial cable, the 50 Ω shunt resistor and the resonator cable. The load of the network (i.e. the tip/cell structure) has been included into the model using 3D electromagnetic finite element method (FEM) and simulated with electromagnetic professional (EMPro; Keysight Technologies). For the EMPro model, the cell was modelled with a 30 μm diameter placed on top of a three-layered stack substrate (see figure 3) . The cantilever is 100 μm wide and 300 μm long. The tip of the probe is modelled as a frustum with an upper diameter of 80 μm and a nanoscopic sphere as contact object at the bottom. The radius of the very end of the probe tip is set to 100 nm. Both the cantilever and the tip are modelled as perfect electrical conductors (PEC) because they are made of highly conductive platinum. The three-layered stack substrate is composed of thin SiO 2 (thickness 50 nm; relative permittivity 3.9), doped Si (10 μm thick; dopant density 10 17 atoms cm −3 ; conductivity 500 S m −1 ), and the bottom is a thin PEC layer representing the sample holder, which provides the return path for the MW current.
Complex impedance calibration
A recently developed workflow was used to calibrate the SMM [7] . In short, tip-sample approach curves are acquired simultaneously at low kHz frequency (EFM-mode) and GHz frequency (SMM-mode). The magnitude and phase of the S 11 parameters and the EFM signals are acquired during tipsample approach. The capacitance is calculated from the electrostatic force using C z
and F es,2w is the electrostatic force. This represents the variation of capacitance with height, which is the z-distance between the tip and the surface. From this, by integration, the capacitance value is extracted. Assuming that the impedance variation is exclusively capacitive (i.e. that the substrate is highly conductive or lossless dielectric), the three error parameters e e e , , , 
In order to be compliant with the requirement of using a highly conductive or lossless dielectric substrate, the substrate of choice has been highly B doped Si substrate. On the doped Si substrate, also a pattern of 20 nm high SiO 2 pillars is present, which is however not relevant for the calibration. The oxide pillars have been used to verify the impedance calibration as the oxide should show a contrast in the capacitance image but no contrast in the conductance image. The advantage of this calibration workflow is that no specific calibration sample is required and that the calibration can be performed on the bare conductive substrate. The uncertainty of the impedance calibration is affected by the approach curve accuracy, the cantilever spring constant, and the geometry of the tip. The approach curve uncertainty has been addressed by acquiring several curves at different positions on the substrate, with an observed uncertainty of ∼5% [7] . Averaging of approach curves is further reducing the calibration error. The tip radius was determined as described in chapter 2.5, with an error of 10%, and the spring constant was determined with an error of 20%. Only the absolute impedance values are affected by the tip geometry and spring constant, while the images show relative impedance values with respect to the substrate.
Sample preparation
Prior to cells deposition, the Si substrate was cleaned with organic chemical solvents including isopropanol and acetone. Then, an adapted method of the protocol for cell deposition on graphite and glass shown in [20] was applied to the silicon substrate. In short, the flask containing the cells was washed three times with 4 ml phosphate-buffered saline (PBS), then 1 ml Trypsin added into the flask for 1-3 min. 2 ml of medium (1:1 mixture of DMEM and Ham's F12, with 10% FBS and 0.1% gentamycin) was then transferred over 1 ml of cell suspension into a Falcon tube. After centrifuging and removing the liquid, 2 ml medium was added to the cell pellet. The above cell solution was used either directly, or diluted 1:3 or 1:10. 100 μl cell solution was placed on the cleaned Si wafer. The substrate with the cell solution was incubated for at least 3 h in the cell culture incubator at 37°C and 5% CO 2 . After removing the solution from the substrate, 100 μl 4% formaldehyde (in HBSS-Hanks' balanced salt solution, with Ca 2+ ) was given on the substrate with cells and the substrate was washed with HBSS for three times, then with Millipore water for other three times. Finally, the sample was dried with a gentle nitrogen flow.
Tip radius extraction
The tip radius has been extracted by fitting the capacitance values obtained experimentally from approach curves, using a tip/sample geometrical model. The analytical model of the capacitance relies on the tip model proposed in [21, 22] , and [7] , where three summed capacitance components provide the total capacitance between the tip and the substrate, namely the contributions from tip apex, the tip cone and the stray capacitance. The apex part is expressed as C z,
where r e is the relative dielectric constant, R is the tip apex radius, q is the half cone angle, h is the thin film thickness, and z is the distance between the tip and the substrate. The capacitance induced by the tip cone is obtained from = + + which has been compared with the experimentally obtained capacitance in order to obtain the tip radius.
Topography crosstalk removal
Based on the cantilever-substrate stray capacitance, the topography of the sample influences the absolute values of the tip-sample capacitance. In order to mitigate this, a linear topography crosstalk removal procedure has been applied during data post-processing. The procedure aims to minimise the effect of the topography-induced capacitance. It does this by subtracting, pixel by pixel over the scanned image, the non-local capacitance from the raw calibrated capacitance. The non-local capacitance represents the product of the multiplication of the stray capacitance c stray in aF nm −1 (attoFarrad/nanometre) and the topography (in nm). The stray capacitance is extracted from the linear part of the SMM curve taken for calibration.
Dielectric probe kit measurements
The dielectric measurements presented in figure 6(c) have been performed using the N1501A dielectric probe kit connected to N9918A FieldFox handheld microwave analyzer, 26.5 GHz (both from Keysight Technologies, Santa Rosa, CA, USA). The complex permittivity of Milli-Q water (Millipore Corporation, MA, US), 0.1 M PBS (GE Healthcare, UK) solution and HBSS (GE Healthcare, UK) has been acquired over the 1-20 GHz frequency range, at room temperature 25°C. The observed values are in agreement with the Debye relaxation model and with the corresponding literature [23, 24] .
Results and discussion
For quantitative SMM impedance imaging, we established a tip-sample circuitry model including a parallel resistancecapacitance (RC) circuit between the tip, sample, and substrate ( figure 1) . Additionally, the parasitic capacitances formed between the probe shank and the substrate, C cone , as well as C stray , formed between cantilever chip and substrate, have been included in the model to account for stray capacitance effects. This circuitry model was quantitatively studied in ADS in the frequency range 1-20 GHz including the effects of cables and resonators from the SMM hardware ( figure 2(a) ). The modelled reflection S 11 sweep curve is shown in figure 2 (b) at various frequency ranges and is compared with the experimentally acquired SMM sweep. In the full 20 GHz sweep the 50 Ω shunt resistor, along with the half wavelength resonator induce the notch pattern every 900 MHz. In the notches, the impedance value of the tipsample system matches the intrinsic impedance of the VNA, 50 Ω, and highly sensitive SMM measurements can be performed. The narrower the frequency sweep range, the better is the fitting between experiment and simulation. At the level of a single notch, the experimental data agrees well with the ADS model. However, the remaining disagreement between model and experimental frequency sweep indicates that not all features in the transmission part have been captured by the model. Figure 2(c) shows the modelling results in a Smith Chart typically used for high frequency network analysis, in which both the scattering parameter S 11 and the impedance Z are plotted. The variation of S 11 between 2.3 GHz and 2.8 GHz, as shown in figure 2(b) , is replicated on the Smith Chart with the minimum of the notch corresponding to the chart's origin. Additionally, the impedance variation is shown with and without the impedance matching network. It can be observed that the impedance matching network shifts the measured impedance values toward the origin of the Smith Chart, i.e. where the sensitivity of the system reaches the maximum. Figure 3 shows the microwave interaction at the tip/ sample contact point using the FEM tool in EMPro [25] . A 3D cell-like structure has been implemented in computeraided design (CAD; figure 3(a) ) including the cell nucleus, three vacuoles, and a 10 nm thick membrane, improving a model recently presented in [26] . The simulated values of admittance were obtained at 10 GHz and at different positions over the cell, in order to investigate how different cell compartments influence the electric field distribution. Different dielectric values were used for the individual cell compartments including the lipid bilayer of the cell membrane (ε r =3.2; [27] ), the cell nucleus with DNA (ε r =8; [28] ) and a protein vacuole (ε r =3; [29] ). Depending on the cell and tip geometry, the simulated tip-cell complex admittance was determined as roughly Y=110+j250 μS, which translates to conductance values of 80-110 μS and capacitance values of 2000-4000 aF.
Based on the frequency response modelling the operating SMM frequency was adjusted to achieve highest sensitivity and SMM images of cells and bacteria were acquired at fixed frequencies between 1 and 20 GHz. In figure 4 , SMM images of E. coli bacteria acquired in air are shown at 19.9 GHz frequency. The images have been acquired in tapping mode, which, compared to contact mode, is a gentler imaging mode with intermittent contact. Standard values of bacteria length (2-2.5 μm) and height (200-250 nm) have been obtained in the topography images (figures 4(a), (b), and (e)). Using the recently developed black-box calibration procedure [7] , the complex S 11 images are converted to impedance images. For this, tip-sample approach curves were acquired at the same microwave frequency on the Si substrate and a standard VNA calibration model using three complex e-parameters was used to transfer S 11 into complex impedance Z (see materials and methods). After calibration, the topography crosstalk between the topography image and the capacitance image was removed, allowing the subtraction of the cantilever based stray capacitance from the local AFM tip capacitance. The stray capacitance is thereby extracted from the linear part of the S 11 approach curve, and the topography-influenced values are subtracted pixel-by-pixel from the raw capacitance values. The resulting capacitance values prove that the capacitance contrast is induced by the different dielectric properties of bacteria, SiO 2 , and Si ++ . In the capacitance images, the SMM contrast between bacteria, SiO 2 pillars, and Si ++ substrate, varies between 10 and 150 aF (figures 4(c) and (f)), depending on the different radii of the tips used for scanning. The tip radius has been determined experimentally including a proper tip-geometry model (see materials and methods), ranging thereby from 250 nm to 900 nm. The error of the capacitance and conductance calibration is ∼5% [7] . The oxide pillars show a signal only in the capacitance image and not in the conductance image, as expected from a pure dielectric material, proving the validity of the complex impedance calibration. No significant conductance contrast is obtained between the bacteria, the SiO 2 pillars, and the Si ++ substrate, as expected from gram-negative type bacteria as E. coli, with a water repellent membrane, hence they are non-conductive entities, with no significant water layer adsorbed (figures 4(d) and (g)) [30] . No topography crosstalk is obtained in the conductance image, corroborating the specificity of the measurements. Figures 5(a)-(c) shows the raw topography, S 11 amplitude, and phase images of single CHO cells acquired in air. Due to their large dimensions, they can be easily spotted on the silicon substrate and individually scanned in contact mode. The topography images show a diameter of roughly 30 μm and a height of more than 1 μm. The raw SMM images, acquired at 18.9 GHz, show the cell structure with high signal levels of 2 dB in S 11 amplitude and 7°in S 11 phase with respect to the substrate. The same complex impedance calibration workflow was applied as described for the bacteria. The obtained capacitance image ( figure 5(d) ) shows a contrast of 2400 aF (attoFarad) between the cell and the substrate. The negative values over the cell are accountable to the reference capacitance formed between the tip and the thin (∼1 nm thick) native SiO 2 layer deposited on top of Si ++ . The crosstalk between the raw capacitance values and the topography has been cancelled as per materials and methods. The obtained capacitance variation is induced by cell dielectric properties that are different from the Si substrate dielectric properties. The conductance image in figure 5 (e) shows a higher conductance (∼200 μS) of the cell compared to the substrate. Figure 5(f) shows the calibrated conductance image of the same cell acquired at a lower frequency of 2 GHz and at the same ambient humidity (30% relative humidity, RH). A lower conductance of the cell is thereby obtained at lower frequency, which is also a typical behaviour of bulk water [23] . We therefore attribute the conductance properties of the cell at different frequencies to the presence of water, either within the cell or adsorbed to the cell membrane. While the frequency behaviour of the cell is consistent with the variation of the imaginary part of the complex permittivity of bulk water, a more detailed investigation is shown in the following.
A set of measurements with controlled variation of the ambient humidity has been performed on CHO cells ( figure 6) . The values of the humidity have been varied, from low humidity (figures 6(a), 2% RH, obtained in dry nitrogen environment) to high humidity ( figure 6(b) , 60% RH), while the SMM frequency was set to 19.9 GHz in both cases. The calibrated conductance values obtained at low humidity are in the order of 10-20 μS, whereas the values obtained at high humidity vary between 30 and 200 μS, which can be explained with the variation of the conductivity based on the water content in the cells. conductivity at 20 GHz. The SMM conductivity σ can be obtained from the conductance G in a simple first order approximation from the volume of the cell in contact with the SMM tip, and applying the relation G l A,
(R apex =900 nm) is the contact area and l=1.25 μm is the cell height obtained from the topography image. The effective conductivity obtained from the SMM cell conductance, at f=20 GHz, is cell s =18 S m −1 and effective 15, cell e = which is in the range of the bulk water permittivity. Accordingly, the cell conductivity behaviour at different frequencies and ambient humidity is similar to bulk water properties, corroborating the hypothesis that water is adsorbed on the cells' surface and that it is responsible for the MW energy dissipation over the cells.
Conclusion
We show impedance images of bacteria and cells acquired at microwave frequencies around 20 GHz. On the basis of transmission line modelling, measurement parameters were carefully optimised to obtain good signal-to-noise SMM images. The tip/sample interaction is modelled using 3D EMPro and the admittance values (admittance Y=1/impedance Z) were calculated in the frequency range of 1-20 GHz. The 3D modelling allows studying the influence of the tip geometry on the complex impedance values. In addition, the effect of different substrates and layer thicknesses on the system impedance can be considered. From calibrated SMM measurements we obtained the complex admittance (complex impedance) of bacteria and cells at ∼19 GHz, resulting in roughly Y bacteria =3 μS+j20 μS (Z bacteria =7 kΩ−j50 kΩ), and Y cell =185 μS+j285 μS (Z cell =1.6 kΩ−j2.5 kΩ), respectively. The gram-negative E. coli bacteria show almost no conductance at high frequencies while CHO cells exhibit conductance values of up to 200 μS. The impedance calibration workflow based on the approach curve analysis has an uncertainty of 5%. The cell conductivity was compared to the bulk water conductivity. The broadband complex permittivity values of water and buffer solutions were acquired with the dielectric probe kit. The SMM cell conductivity was determined to cell s =18 S m . Hence, a similar frequency dependence of the imaginary part of permittivity and conductivity has been obtained for cells and water, leading to the conclusion that the water plays a major role in the loss behaviour of cells.
In summary, we present a broadband analysis of calibrated nanoscale impedance measurements using the SMM.
The complex permittivity of biological materials, including conductivity has been measured and found to be strongly related to bulk water properties.
